Background: Weighing organs at autopsy provides objective evidence of pathology. Reference ranges must be locally applicable, accurate, and regularly defined.
M
easuring organ weights assists in recognition of pathology and serves as corroborating evidence of this, which is particularly important when histology is not taken. Organ weight alone may also be significant, such as increased heart weight as a risk factor for sudden death. [1] [2] [3] [4] Reference ranges must be regularly defined for a particular population, place, and time. 5 There are no published studies on postmortem organ weights from sub-Saharan African populations, except for a 1988 study addressing renal weights. 6 South Africa's diverse population is mostly racially African, colored, or white. "Colored" is a uniquely South African mixed-race group that is genetically predominantly Khoisan, Bantu-speaking African, and European, with a smaller Asian contribution. 7 Apart from potential genetic differences, the recent history of Apartheid means that race may serve as a proxy variable for other influential factors. 8 The aims of this study were the generation of postmortem organ weight reference ranges for use in South African mortuaries, analysis of factors influencing organ weights, and comparison of local data to that from international populations.
MATERIALS AND METHODS

Study Design
Autopsy reports were reviewed of decedents 18 years or older from the Salt River medicolegal mortuary, located at the University of Cape Town Faculty of Health Sciences, from February 11, 2013 , to August 11, 2016 . Disproportionate randomized stratified sampling was used to obtain adequate representation of subgroups created by combinations of sex, race, and age (18-49 years; ≥50 years), up to 200 cases each. Independent variables collected were sex, age, race (African, colored, white), body weight (measured clothed), height, cause, and manner of death. The reasons for organ exclusions were noted. If a specific organ was excluded, the rest of that deceased's organ weights were still screened for data collection.
Exclusion Criteria
• Signs of autolysis or decomposition of the organs.
• Greater than 3 days postmortem interval before autopsy.
• Cause of death anything other than sharp force trauma, blunt force trauma, or gunshot wounds.
• Death certified at a medical center.
• Macroscopic pathological organ changes due to incidental disease or congestion/edema, except in the lungs where "posterior congestion" was accepted as part of the normal post mortem organ state.
• Organ injury resulting in tissue loss or pulping or mincing of tissue.
Technical Issues
Transcription accuracy and exclusion criteria were verified during data cleaning. STATA®-13 (StataCorp, Texas) was used for multiple linear regression (MLR) modeling after suitable transformation of skewed distributions and assumption checking.
Stepwise regression was applied to maximal models that included all interaction terms.
Bodies were stored at 4°C and eviscerated using a modified Ghon method, and except for the lungs and brain, organs were dissected before weighing.
Organs were weighed on calibrated Micro T7E scales, with a resolution of 1 g. Bodies were weighed on a Sasco WP003 scale, with a resolution of 0.5 kg.
RESULTS
Sample Description
In several of the subgroups, fewer than 200 cases fulfilled our requirements, yielding a total sample size of 1262 decedents. Of these, 865 (69%) were men and 397 (31%) were women. There were 516 (41%) African, 500 (40%) colored, and 246 (19%) white individuals. Seven hundred eighty (62%) were aged 18 to 49 years, and 482 (38%) were aged 50 years or older (the oldest was 97 years), with a mean (SD) age of 42 (17) years. The mean (SD) body mass index (BMI) was 25 (6) kg/m 2 with a range of 14 to 52 kg/m 2 . The manners of death involved were murder (681; 54%), accident (492; 39%), and suicide (101; 8%), and varied with subgroup. In younger African and colored men, murder accounted for 335 deaths (84%). Accidental deaths made up a larger proportion in older people (249; 51%), and suicide occurred more commonly in the white decedents (72; 29%).
Most deaths (607; 48%) were due to blunt force trauma. This proportion was particularly high in older colored women (41; 84%), due to pedestrian vehicle accidents and falls. Assaults were more common among all African decedents, especially the younger men, accounting for 34 deaths in this group (17%). Motor vehicle accidents stand out in younger white decedents (57; 41%). On the other hand, 142 younger colored men incurred gunshot wounds (71%).
The most often excluded organ was the lungs (58% exclusions), most often due to collapse, hemorrhage, blood aspiration, congestion, or edema. Eleven percent of lung exclusions were due to pulmonary tuberculosis. Kidneys made up 15% of organ exclusions: granular surfaces, congestion, or congenital anomalies accounting for most of these. Eight percent of organs excluded were livers, with fatty change, injury, congestion, or cirrhosis as the main culprits. Spleens accounted for 6% of organ exclusions, the majority being due to wrinkled capsules, injury, or suspected diffluence. Hearts comprised 6% of organ exclusions, mostly left ventricular hypertrophy, dilation, scarring, or previous surgery. Brain swelling or pulping injury accounted for 5% of organ exclusions.
Organ exclusions varied with subgroup. For example, in older white men, 37 hearts (49% of decedents) showed hypertrophic change and 62 kidneys (41% of decedents) had evidence of benign nephrosclerosis. There were also striking differences in tuberculosis prevalence, from no cases in older white women to 46 in older colored men (31%).
Brain Weights
A total of 1136 brains met inclusion criteria (775 men and 361 women). The mean ± SD (range) was 1389 ± 130 g (964-1960 g) for men and 1261 ± 136 g (909-1713 g) for women. This 128 g (10%) difference is significant (P = 0.00). White decedents' mean brain weight (1390 g) was 27 g (2%) heavier than African decedents' (1363 g), which is significant (P = 0.02). The mean brain weight in colored decedents (1312 g) was 51 g (4%) less than that of the African decedents (P = 0.00) and 78 g (6%) less than the white decedents, which are significant (P = 0.00 for both).
Multiple linear regression shows all variables considered to be statistically significant, with sex having the most impact and body weight less of an effect than the others. In addition, the interactions of sex with age and race are important. The coefficient of correlation (R 2 ) obtained was 0.29.
Heart Weights
A total of 1085 hearts met inclusion criteria (724 men and 361 women). The mean ± SD (range) was 319 ± 55 g (175-525 g) for men and 274 ± 49 g (157-447 g) for women. This 45 g (16%) difference is significant (P = 0.00). White decedents' mean heart weight (332 g) was 32 g (11%) heavier than African decedents' (300 g), which is significant (P = 0.00). The mean heart weight in colored decedents (448 g) was not significantly different to that of the African individuals (P = 0.5) but was 36 g (11%) less than the white decedents, which is significant (P = 0.00).
The MLR model shows all variables considered to be statistically significant, with weight and its interaction with sex, as well as age being most influential. The R 2 obtained was 0.54.
Lung Weights
A total of 559 right lungs met inclusion criteria (375 men and 184 women). The mean ± SD (range) was 425 ± 104 g (213-825 g) for men and 362 ± 99 g (186-782 g) for women. This 63 g (17%) difference is significant (P = 0.00). White decedents' mean right lung weight (432 g) was 30 g (7%) more than African decedents' (402 g), which is significant (P = 0.02). The mean right lung weight in colored decedents (395 g) was not significantly different to that of the African decedents (P = 0.49) but was 37 g (9%) less than the white decedents, which is significant (P = 0.00).
A total of 524 left lungs met inclusion criteria (351 men and 173 women). The mean ± SD (range) was 388 ± 100 g (183-777 g) for men and 324 ± 93 g (145-666 g) for women. This 64 g (20%) difference is significant (P = 0.00). White decedents' mean left lung weight (404 g) was 46 g (13%) more than African decedents' (358 g), which is significant (P = 0.00). The mean left lung weight in colored decedents (357 g) was not significantly different to that of the African decedents (P = 0.9) but was 46 g (11%) less than the white group, which is significant (P = 0.00).
The MLR models for lung weights reveal all variables except race to be statistically significant, with age and height being important. There are significant interactions of sex with age and race, and race with age and height. The R 2 values obtained were 0.18 (right lung) and 0.19 (left lung).
Liver Weights
A total of 1054 livers met inclusion criteria (733 men and 321 women). The mean ± SD (range) was 1351 ± 274 g (738-2472 g) for men and 1249 ± 271 g (694-2300 g) for women. This 102 g (8%) difference is significant (P = 0.00). White decedents' mean liver weight (1447 g) was 156 g (12%) more than African decedents' (1291 g), which is significant (P = 0.00). The mean liver weight in colored decedents (1298 g) was not significantly different to that of the African decedents (P = 0.69) but was 149 g (10%) less than the white group, which is significant (P = 0.00).
The MLR model shows that all independent variables are statistically significant, except for age. Body weight has a particularly marked positive correlation, and additionally, the interaction of race with age is important. The R 2 obtained was 0.29.
Kidney Weights
A total of 1000 right kidneys met inclusion criteria (688 men and 312 women). The mean ± SD (range) was 124 ± 27 g (67-237 g) for men and 112 ± 23 g (58-207 g) for women. This 12 g (11%) difference was significant (P = 0.00). White decedents' mean right kidney weight (134 g) was 18 g (16%) more than African decedents' (116 g), which is significant (P = 0.00).
The mean right kidney weight in colored decedents (118 g) was insignificantly different to that of the African decedents (P = 0.69) but 16 g (12%) less than the white decedents, which is significant (P = 0.00).
A total of 998 left kidneys met inclusion criteria (685 men and 313 women). The mean ± SD (range) was 128 ± 28 g (65-252 g) for men and 114 ± 25 g (52-228 g) for women. This 14 g (12%) difference is significant (P = 0.00). White decedents' mean left kidney weight (137 g) was 17 g (14%) more than African decedents' (120 g), which is significant (P = 0.00). The mean left kidney weight in colored decedents (122 g) was insignificantly different to the African decedents (P = 0.3) but 15 g (11%) less than the white decedents, which is significant (P = 0.00).
The MLR model shows all variables considered to be significant. Sex and race are prominent, and the interactions of sex with weight and age also influential. The R 2 values obtained were 0.34 (right kidney) and 0.35 (left kidney).
Spleen Weights
A total of 1078 spleens met inclusion criteria (738 men and 340 women). The mean ± SD (range) was 105 ± 48 g (24-348 g) for men and 99 ± 44 g (25-283 g) for women. This difference was not significant (P = 0.07). White decedents' mean spleen weight (134 g) was 37 g (38%) more than African decedents' (97 g), which is significant (P = 0.00). The mean spleen weight in colored decedents (93 g) was insignificantly different to that of the African decedents (P = 0.19), but 41 g (31%) less than the white decedents, which is significant (P = 0.00).
In the final MLR model, all variables except sex are statistically significant predictors. Race and weight are important, as are the interactions of race with weight. The R 2 obtained was 0.26.
DISCUSSION
Analysis of Factors Influencing Organ Weights
Sex
Most research has found organ weights to be bigger in men than in women. 5, [9] [10] [11] [12] However, some reports suggest that after controlling for other variables, heart and spleen, 12 lung, 13 and kidney 14 weights may be similar between the sexes. Univariate analysis of our data showed sex to have R 2 values of between 0.17 (brain) and 0 (spleen) ( Table 1 ). In the final MLR models, the standardized regression coefficients indicate the relative importance of each variable. They show that, indeed, female sex and its interaction with age are the strongest negative predictors of brain weight. Female sex's negative interaction with body weight is also the second most influential predictor of heart weight, suggesting that a man's heart weight increases to a greater extent than a woman's with increasing body weight. The kidney weights are also significantly negatively impacted by female sex, which interacts with age and body weight as well.
Female sex alone is a statistically significant but relatively unimportant negative predictor in the liver and lung weight models, although in the latter there are significant interactions with age and race. There is no statistically significant effect of sex on the spleen weights observed.
Age
Research has found that organ weights decrease with age, particularly the brain. 5, 15 This is consistent with our data, where MLR modeling suggests that this is an effect particularly strong in women. There are statistically significant but relatively unimportant negative correlations of age with spleen, kidney, and liver weights, where it was found that most of its effect pertains to women (kidneys) and white or colored people (liver).
The exception is heart weight, which increases with age, possibly reflecting age-related pathology. 5, 12 Univariate analysis produced an R 2 value of 0.12, the largest of all the organs (Table 1 ). In the final MLR model, age has a relatively important positive association with heart weight, although the effect of body weight is much more dominant.
An unexpectedly strong positive association of age with lung weights was found; however, the negative interactions of age with female sex and white race are equally strong, meaning that the increased lung weights with age occur in African and colored men. A possible reason for this may be the large burden of lung disease in these subpopulations, which could have been inadvertently included in our sample.
Body Weight
Previous research shows that body weight positively corresponds to organ weight, especially to that of the heart. 5, 11, 12, 16, 17 After univariate analysis, our largest R 2 was for the heart at 0.29 (Table 1) , which fell short of the 0.53 and 0.66 reported by Molina and DiMaio 11, 18 for men and women, respectively. Molina and DiMaio found that the strongest associations with body weight were for the liver, with R 2 values of 0.41 and 0.48, and the combined kidney weights, with R 2 values of 0.23 and 0.25 for men and women, respectively. The other organs showed only weak correlations with body weight. 10, 19 These echoed the findings of de la Grandmaison et al, 5 which reported significant associations of heart, liver, and kidney weights with body weight in both sexes.
The MLR models of our data confirm that body weight is the most important predictor of heart weight. This supports Smith's work from 1933 wherein he proposed predicted heart weights on the basis of body weight. Body weight is also the most influential variable in kidney weight determination, and it is the second strongest predictor of liver weight. In the spleen, body weight alone is significant, and its interaction with race is the predictor with the most effect. In the lung model, there is a significant interaction of body weight with race, specifically white race. In all these cases, the increased body weight is associated with increased organ weight. An exception to these findings is the statistically significant, but relatively unimportant, positive correlation of body weight with brain weight.
Height
Many studies show a positive association between heart weight and height. 5, 11, 16 Zeek 4 predicts heart weight on the basis of height using correlation coefficients of 0.33 (men) and 0.29 (women). Molina and DiMaio's 11, 18 work produced lower R 2 values of 0.13 for both sexes, whereas our univariate analysis resulted in an intermediate R 2 value of 0.18 (Table 1 ). In our final MLR model, height is reduced to trivial importance compared with other factors: it is only one sixth as predictive of heart weight as is body weight.
In the liver and spleen, de la Grandmaison et al also found strong positive correlations to height. Molina found R 2 values of 0.06 (men) and 0.2 (women) for the liver, whereas our data yielded an R 2 value of 0.13 (Table 1) . For the spleen, Molina reported values of 0.07 (men) and 0.11 (women); ours was calculated as 0.09 (Table 1) . Most previous research has found that the correlation with height was weak or not significant for other organs. 5, 12 This is also true for our data, except for the kidneys, which both had R 2 values of 0.26 (Table 1 ).
In the final MLR models, height remains a statistically significant predictor of organ weight; however, it is at best of intermediate Postmortem Organ Weights at a Mortuary importance (in the brain, liver, kidneys, and lungs) and is frankly trivial in the heart and spleen. There are moreover no significant interaction terms involving height.
Ethnicity
Conflicting results are reported in magnetic resonance imaging studies of living patients that investigated racial organ weight disparity. One showed that the mean summed weight of high metabolic rate organs is significantly higher in white compared with African American patients, 20 whereas another found minimal variation. 21 In postmortem research, significant racial differences in organ weights have generally not been found after controlling for other factors. 14, 22 In our sample, the mean organ weight for most organs is statistically significantly more in white compared with African and colored decedents, and insignificantly different between African and colored decedents. Only in the brain is there also significant variation between the colored and African mean weights.
Univariate regression shows uniformly weak R 2 values of race with organ weight; the largest was the spleen, at 0.10 (Table 1 ). In the final MLR models, race and its interactions are statistically significant but relatively unimportant predictors of heart, kidney, and brain weights. In the lungs, race alone is not statistically significant, but it does have significant interactions with weight and sex. On the other hand, race is the chief determinant of liver weight, and its interaction with age is also significant. White and colored race predicted heavier liver weights, amounting to 128% and 118% of the African baseline weight, respectively. Race is also the most influential predictor of spleen weight. White race predicted a spleen weight of 114% of African baseline, whereas colored race was associated with a markedly smaller value of 74% of the baseline. Race also had a significant interaction with weight, the other important predictor variable in spleen weight. Spleen weights may be larger in white decedents due to fewer cases of exsanguination before death, despite spleens with wrinkled capsules (due to extrusion of their pooled red cells in response to shock) being excluded.
Comparison of Results
There have been several studies on postmortem organ weights conducted on ethnically homogenous populations from various areas. These include Iran, 23, 24 Thailand, 25 Japan, 26 India, 27 France, 5 Jamaica, 13 and Denmark, 9 as well as from heterogeneous populations in the United States. 22 Source populations that were presumably healthy and died sudden, violent deaths are traditionally used. 9, 11, 28, 29 In addition, clinical records, family questionnaires, 9 macroscopic evidence at autopsy, 22 or histological examination 5, 10, 11 has been used in exclusion. These different methods make direct comparison difficult. Nevertheless, the means obtained in our study are consistently smaller than those of these studies, except for the Thai sample, which had generally smaller organ weights than ours.
Throughout this report, reference has been made to Molina's articles, which culminate in proposed ideal organ weight reference ranges for men and women in the United States. 10, 11, 18, 19 For these, they used decedents aged 18 to 35 years, with normal BMI indices, and had very strict exclusion criteria including the use of histology and toxicology.
A subsample of our data was prepared, using the same age and BMI criteria (Table 2 ). Variance comparison tests at a 95% confidence level found that the observed variance in our data was equal to or narrower than Molina's, despite their stricter exclusion criteria.
In the male sample, there is no significant difference in mean brain weights (P = 0.89); indeed, they are almost identical at 1400 ± 113 g (Molina) and 1398 ± 113 g (our value). However, the mean weights of the other organs are significantly bigger than ours. Using our means as the divisor, the actual differences amounted to 15 g (5%) in the heart, 40 g (10%) in the right lung, 31 g (32%) in the spleen, 118 g (9%) in the liver, and 7 g (6%), and 11 g (9%) in the right and left kidneys, respectively, with P < 0.01 in all cases. Their mean left lung weight is 30 g more, which is not statistically significant (P = 0.07) at these sample sizes. The smaller means found in our study may be contributed to by our exclusion of congestion, which was accepted in Molina's study. Another factor may be ethnic composition, with Molina's sample comprised of more than 80% white, compared with less than 20% white decedents in our sample. White decedent's organs are universally heavier than Africans' in our sample. The comparison of the female samples was compromised by small sample sizes. It was found that the mean brain weight in the US sample is 64 g (5%) smaller than ours, and the mean heart weight is 19 g (8%) less. No statistically significant mean differences exist for the other organs (P > 0.05).
Outcomes
Following Molina's method, the ideal organ weight reference ranges in Table 3 are proposed for routine use. They encompass the variation in organ weights of 95% of decedents aged 18 to 35 years with BMI indices 18.5 or greater but less than 25 kg/m 2 , who have no clinical evidence of organ abnormality.
Emaciation and obesity are not healthy states, and there is indeed an increased prevalence of pathology with age. Nevertheless, many decedents fall into these groups, or it may be vital to have personalized ranges in a specific case. Prediction intervals, from the MLR models, encompass the standard error of the expected mean and individual observation scatter, providing a range within which one can be 95% certain that a new observation of organ weight will lie.
A smartphone application, "South African Organ Weights," has been developed for Android operating systems and can be freely downloaded from the Google Play Store. It provides simple retrieval of predicted organ weight ranges on the basis of the predictor variables entered. An alternative to access this facility may be obtained by emailing the corresponding author.
Study Limitations
Ethnicity is treated as a categorical variable, whereas indubitably there is a spectrum of genetic diversity.
Error may have been introduced as pathologists' judgment and attention to detail was relied upon to identify abnormalities for exclusion. Bodies were weighed clothed, and heights show some rounding error. In addition, certain subsample sizes are smaller than planned, for example women older than 50 years.
The confounder of organ pallor was not excluded. Spleen weight in particular may decrease with hemorrhage, although this has not consistently been found. 10, 11, 18, 19, 29, 30 Critical limitations are the lack of toxicological testing and histological examination. At Salt River Mortuary, many decedents used illicit drugs, which can affect organ weight. [31] [32] [33] [34] Similarly, histology is part of the gold standard for disease evaluation. This notwithstanding, resulting macroscopic changes are excluded, and isolated microscopic disease may not even affect organ weight.
CONCLUSIONS
In forensic autopsies, organ weights are used to support the pathologist's opinion on the state of health of the organs. This is the first study on postmortem organ weights at a South African mortuary and provides ideal and prediction interval data representative of the adult population dying traumatic deaths in Cape Town.
